Different classes of porcine endogenous retroviruses (PERVs), which have the potential to infect humans during xenotransplantation, have been isolated from the pig genome. Because vertebrate genomes may contain numerous endogenous retrovirus sequences, the pig genome was examined for additional endogenous retroviruses, resulting in the isolation of a novel, complete endogenous retrovirus genome, designated PERV-E. The gag, pol and env genes of PERV-E are closely related to those of human endogenous retrovirus (HERV) 4-1, which belongs to the HERV-E family. Results of studies to determine the presence and copy number of PERVs demonstrated that PERV-E and PERV-A/B-like proviruses were present in all genomes tested, but that PERV-C was not found in two of the species examined, including wild boar. Multiple copies of PERVs could be found in each pig genome. Among all of the pig genomes tested, the wild boar genome had the lowest copy number of all PERVs, suggesting that the number of integrations of complete endogenous retroviruses is increased by inbreeding.
Xenotransplantation shows great promise for providing a virtually limitless supply of cells, tissues and organs for a variety of therapeutical procedures (Deacon et al., 1997 ; Bengtsson et al., 1998 ; Groth et al., 1994) . The tissues and organs of domestic pigs are preferred for xenotransplantation because of their fundamental physiological compatibility with human organs compared to those of other mammals, such as the baboon (van der Auchincloss & Sachs, 1998) . Pigs can be bred and maintained under exogenous-pathogen-free conditions to Author for correspondence : Rui Mang.
Fax j31 20 5669062. e-mail r.mang!amc.uva.nl reduce the risk of transmitting exogenous pathogens by xenotransplantation. However, other microbiological obstacles include porcine endogenous retroviruses (PERVs), which are stably transmitted in the pig germ line.
Recently, three distinct classes of full-length PERV sequences, designated PERV-A, -B and -C, were found in the pig genome Le Tissier et al., 1997 ; Akiyoshi et al., 1998) . PERV-A, -B and -C all belong to the mammalian type C retrovirus group and are closely related to each other in the gag and pol genes but differ in their env genes, especially in the region encoding the surface component . Aside from pig cell lines, PERV-A and -B can infect several human cell lines in vitro, but PERV-C can replicate only in porcine cells Czauderna et al., 2000) . Tests based on DNA, RNA and protein technology to provide evidence of pig-to-human PERV transmission have been performed on recent recipients of living pig tissue or organs. As yet, no pig-to-human transmission has been observed (Paradis et al., 1999 ; Heneine et al., 1998) , but concern remains. Since vertebrate genomes may contain several endogenous retrovirus sequences, we examined the pig genome for the existence of additional endogenous retroviruses. Total genomic DNA was extracted from pig peripheral blood mononuclear cells using a procedure with silica and guanidium thiocyanate (Boom et al., 1990) . PCR amplifications were performed with an upstream, 5h TGGACTCGACTTC-CCCAGGG 3h, and a downstream, 5h TATAGCGGCC-GCAGGAGGTCATCTACATA 3h, primer set derived from the most conserved region of the baboon endogenous virus (BaEV) reverse transcriptase (RT) gene. Denaturation for 5 min at 94 mC was followed by 10 cycles of amplification for 1 min at 94 mC, 2 min at 45 mC and 3 min at 72 mC. After an additional 30 cycles of amplification for 30 s at 94 mC, 1 min at 55 mC and 1 min at 72 mC, there was a final extension step of 10 min at 72 mC. The target fragment of approximately 130 bp long was cloned into the pCRII-TOPO vector (Invitrogen). A total of 24 clones was sequenced and two distinct RT sequences, which we named PS0 and PS1, were identified. At Since BaEV is a recombinant virus between a type C virus (Papio cynocephalus endogenous retrovirus, gag and pol genes) and a type D virus (SERV, env gene) (van der Kuyl et al., 1997) , its immunosuppressive peptide can be easily aligned with type D retroviruses. The second block consists of type C retroviruses, while the third block contains only PERV-E and HERV 4-1-like viruses. Within a block, sequences from different viruses are almost identical, while between the blocks, eight conserved residues can be found and are indicated as a consensus sequence.
the nucleotide level, PS1 shows 98 % similarity to the RT gene of known PERVs, indicating that PS1 is derived from one of the provirus PERV sequences. No known virus had more than 90 % similarity to the RT fragment of clone PS0. Taken together, these results suggested that, aside from the known PERVs, at least one other endogenous retrovirus is present in the pig genome. About 60 000 lambda phage plaques from a domestic pig genomic library (Stratagene) were screened by using a [α-
$#P]dCTP-labelled PS0 RT fragment. A total of 16 positive clones was identified. The inserts of two positive clones, P1.1 and P14.1, were sequenced completely and P14.1 was found to contain a novel, complete retrovirus sequence of 8072 nt, which we named PERV-E (GenBank accession no. AF356697). The genomic organization of PERV-E is identical to that of all known simple retroviruses in that the gag, pol and env genes are flanked by 5h and 3h long terminal repeats (LTRs). Genomic clone P1.1 contained a PERV-E-like provirus sequence (Gen-A novel endogenous type C retrovirus in pigs A novel endogenous type C retrovirus in pigs Bank accession no. AF356698), but part of the virus genome from the 5h LTR to the 3h end of the gag untranslated region is missing. However, the remaining 7130 nt of the provirus sequence showed a high level of nucleotide similarity (90 %) to the provirus sequence from clone P14.1, including a very similar 3h LTR.
The virus sequence identified from P14.1 contains two LTRs, 434 and 431 nt at the 5h and 3h end, respectively. The P14.1 LTR sequence could not be aligned with any other retrovirus LTR, but consensus sequences of basic regulatory elements, for example, a TATA box and a polyadenylation site, were present. The 5h LTR of P14.1 is followed by a primerbinding site complementary to the 3h end of human tRNA Gly , which is also used to initiate virus amplification of PERV-A and -B.
Comparison with other retroviruses, for example, Moloney murine leukaemia virus (MoMLV) and HERV 4-1, identified the gag, pol and env open reading frames (ORFs) of P14.1 and P1.1. All ORFs of these two clones were full-length, but they were interrupted by multiple premature stop codons and frame-shift mutations. However, amino acid sequences could be estimated by comparing them to homologous genes of exogenous retroviruses. The gag ORF of clone P14.1 probably starts with the ATG codon at nt 1059 and ends with a stop codon at nt 2618. The pol ORF of clone P14.1 probably ranges from nt 2619 to 6236. The env ORF of P14.1 probably starts from the ATG codon at nt 6093 (overlapping the 3h end of the pol gene by 147 nt) and ends at the stop codon at nt 7622.
To estimate the level of divergence between PERV-E and other retroviruses, gag, pol and env amino acid sequences from various mammalian type C retroviruses, including BaEV and gibbon ape leukaemia virus (GALV) (nonhuman primates), MoMLV (mice), feline leukaemia virus (FeLV) (cats), PERV-B and -C (pigs), two strains of the HERV-E family (GenBank accession no. AL023280 and HERV 4-1), as well as four type D viruses (monkeys), simian retrovirus (SRV) types 1 and 2, simian sarcoma virus (SMRV) and simian endogenous retrovirus (SERV), were aligned with the estimated gag, pol and env amino acid sequences of PERV-E using CLUSTAL W ( Thompson et al., 1994) . Phylogenetic analyses were performed with the neighbour-joining (NJ) method based on P distance (Kimura, 1980) , as implemented in the MEGA package (Kumar et al., 1993) . A total of 100 bootstrap replicates was analysed. In the resulting gag and pol phylogenetic trees (Fig. 1 a, b) , we found two main clusters, representing type C and D retroviruses. The type C cluster contained two subclusters. In the first subcluster, MoMLV and FeLV are closely related to each other and cluster together with BaEV ; PERVs and GALV were also found in this subcluster. Interestingly, the gag and pol genes of P14.1 and P1.1 are closely related to those of HERV 4-1 and AL023280 and together they form the second type C subcluster, with a high bootstrap value (100). In the env phylogenetic tree (Fig. 1 c) , P14.1, P1.1 and HERV-E are only distantly related to the env genes of other type C and D retroviruses ; they formed a completely distinct cluster with a high bootstrap value (100). Analysis of the env genes of all other retrovirus groups, including the avian type C, mammalian type B and human T-cell leukaemia virus groups, as well as lentiviruses and spumaviruses, suggested that there was no significant homology between any env gene and the PERV-E env gene. Within the transmembrane region of Env, a 26 residue immunosuppressive polypeptide fragment is highly conserved among retroviruses, especially type C and D retroviruses (Cianciolo et al., 1984 ; Schulz et al., 1992) . A similar peptide is found in the P14.1, P1.1, HERV 4-1 and AL023280 transmembrane regions (Fig. 1 d ) . Alignment of this peptide sequence with reference sequences indicated, again, that the env genes of PERV-E and HERV 4-1-like viruses are only distantly related to the env genes of type C and D retroviruses. Comparison of the gag, pol and env ORFs of HERV 4-1 and P14.1 showed that they shared 62, 68 and 61 % identity at the amino acid level, respectively.
To determine provirus distribution of all known PERVs among porcine genomes, genomic DNA was isolated from six pig samples (supplied by the Department of Genetics and Reproduction, Institute for Animal Science and Health, Lelystad, The Netherlands) comprising five breeds of domestic pig (Dutch Landrace, Hampshire, Pietrain, Meishan and Large White) and wild boar (Sus scrofa). Six primer sets and their nested primers were designed and their sequences are shown in Table 1 . PCR amplification of the PERV-E gag, pol and env genes and PERV-A\B\C, PERV-A\B and PERV-C were performed for all samples. PCR results showed that PERV-E and PERV-A\B provirus genes were present in all pig genomes tested, but a positive signal for PERV-C could not be found from the genome of Large White pigs or wild boar, even after nested PCR amplification.
To estimate the copy number of PERV proviruses in the pig genome, nested PCR-based limiting dilution assays were performed so that the total copy number of initial DNA present in a PCR reaction could be estimated by performing Poisson statistics based on the observed numbers of negative PCR reactions. This method has been widely used to quantify different target molecules, including human immunodeficiency virus copy numbers (Rodrigo et al., 1997 ; Ouspenskaia et al., 1995 ; Sykes et al., 1992) . Nested PCR was optimized to amplify a single copy of input DNA. Pig genomic DNA was quantified by the measurement of UV irradiation absorption and the result was confirmed by ethidium bromide fluorescent quantification. The DNA was then diluted in tenfold steps for the first PCR and the last two positive samples were diluted in additional twofold steps (Rodrigo et al., 1997) . For each twofold dilution step, ten nested PCRs were performed. The expected number of negative reactions was estimated using a Poisson probability distribution and then the copy number of PERV-E input DNA in the original PCR was calculated using the QUALITY program (Rodrigo et al., 1997) . For all calculations, it was assumed that a pig cell contained the same BIDB R. Mang and others R. Mang and others amount of genomic DNA as a human cell (6 pg DNA per cell). Each copy number estimated was confirmed by duplicate experiments and results are shown in Table 2 . The copy number of the PERV-E pol gene among different domestic pig genomes was estimated to range between 18 and 34 copies per diploid genome, whereas the copy number of PERV-A\B among domestic pig genomes ranged between 7 (Dutch Landrace) and 14 (Hampshire) copies, which is in agreement with the results reported by Bosch et al. (2000) . Interestingly, the wild boar genome only has about three copies of the PERV-E pol gene and approximately four copies of PERV-A\B per diploid genome. The copy number of the PERV-E gag gene in the genome of wild boar, Large White and Dutch Landrace pigs was also estimated and results were comparable to the copy numbers of the pol gene. The maximal copy number for PERV-C was approximately three copies per diploid genome, as found in the Meishan and Dutch Landrace pigs. Wild boar had much lower copy numbers of both PERV-E and PERV-A\B compared with the domestic breeds. This paper reports the complete sequence of a novel PERV, PERV-E, and its distribution among five breeds of domestic pig and wild boar. Sequence analyses indicated that PERV-E and HERV 4-1-like viruses are closely related. Pigs are considered to be a potential source of xenografts for xenotransplantation. Despite the benefit that xenotransplantation could bring to patients, there is rising concern about the possibility of nonhuman pathogens being transmitted (Weiss, 1998 (Weiss, , 1999 Patience et al., 1998 b) . PERVs, especially PERV-A and -B, constitute a major threat. Our sequencing results showed that two clones of PERV-E contain stop codons and frame-shift mutations in all virus ORFs, thereby precluding its expression as infectious virus.
Previously, Patience et al. (1997) and Akiyoshi et al. (1998) A novel endogenous type C retrovirus in pigs A novel endogenous type C retrovirus in pigs reported that the provirus copy number of PERV-A\B and PERV-C was approximately 50 and between 8 and 15 in the pig genome, respectively. These copy numbers, which were determined by Southern blotting using PERV pol or env genederived probes, are much higher than the copy numbers reported by us, which were estimated using limiting dilution and nested PCR. Since the specificity of gene hybridization is less than that of PCR amplification, it is possible that the copy number determined by using gene hybridization was overestimated due to cross hybridization. Domestication of the pig is estimated to have occurred less than 5000 years ago, with the wild boar being the most likely ancestor of our modern breeds (Rothschild & Ruvinsky, 1998) . Surprisingly, all domesticated pig breeds contain much higher copy numbers of PERV-E and PERV proviruses than the wild pig, suggesting that copy numbers have increased during (in)breeding. Most probably, PERV-C has arisen in modern breeding times, as it is absent from the wild pig genome. However, it must be noted that only a single wild boar has been tested in our study.
